The acorn barnacle, Semibalanus balanoides is a sessile, simultaneous hermaphrodite with a large and extensible penis, making it an excellent model system for the study of reproduction in hermaphrodites. Several different factors affecting the likelihood of reproductive success were measured: neighbor distance, body-size, and penis length. We used regression methods to determine the extent to which these factors influenced the reproductive success and found that neighbor distance and body size were the most important factors in determining the probability of fertilization. Penis length was also an important component of mating success and was closely linked to body size. This data can be used to help infer the viability of expanding or contracting populations of acorn barnacles like S. balanoides.
INTRODUCTION
The acorn barnacle, Semibalanus balanoides (Linnaeus, 1767) , is a sessile, simultaneous hermaphrodite that must pseudocopulate with its neighbors. This makes it an excellent system for the study of reproductive strategies in hermaphrodites, especially where local mate availability is an important factor. The acorn barnacle is well known for its large penis relative to its body size. Even at resting length, the penis has been observed to be longer than the larger cirri (Klepal et al., 1975) . The penis grows rapidly before the short mating season and is then shed during the first post-mating molt (Crisp and Patel, 1958) , possibly due to the energy requirements that go into maintaining it (Klepal et al., 1972; Hoch, 2008) . During the mating season, a barnacle acts as a functional male or a functional female, but never exhibits the activity of both simultaneously (Klepal, 1990) . A functional male extends its penis several times its resting length and searches for a receptive, functional female (Klepal, 1990) . Receptive functional females have been observed to accept up to six penises in one mating (Barnes et al., 1977) . Despite observations of multiple matings, it is unclear exactly how many are successful and lead to offspring. Some species of barnacles have been shown to be self-fertile (Barnes and Crisp, 1956 ), but S. balanoides is an obligate out-crosser (David Rand, personal communication) .
Factors that limit mating opportunities for barnacles include the distance between individuals and the length of the penis. Barnacles tend to settle near each other, often forming hummocks, which are dense aggregations (Barnes and Powell, 1950) . Hummocks benefit barnacle populations by increasing the availability of potential mates and protection from the environment (Bertness et al., 1998) . Hummocking may negatively affect barnacles through increased intraspecific competition for space and resources (Wethey, 1984; Hills and Thomason, 2003) . Semibalanus balanoides exhibits a preference to settle in open areas near hummocks where there is a high concentration of barnacles in order to maximize reproductive opportunities for success while limiting potential competition (Kent et al., 2002) . Because of their sessile nature, barnacles must maintain a minimum critical population density within an area to maintain reproductive opportunities. Barnacles that are out of reach of other individuals of the same species will not have a chance at reproduction.
The goal of this study is to explore the limits of sessile mating groups by analyzing the reproductive characteristics of a sessile hermaphrodite. S. balanoides has a simple mating system (sessile, simultaneous hermaphrodite, pseudocopulation, brooded eggs), making the collection of data easier than with other organisms. We analyzed some of the factors that contribute to reproductive success in order to calculate the probability of barnacle reproductive success. We studied factors that could be measured in the field, including body size and neighbor distance. We also investigated how morphological variation in the penis contributes to barnacle reproduction. By applying this type of simple model to a population of barnacles, one could reasonably infer the reproductive viability of the population. These models can also serve as guides to understanding reproductive competition and behavior in hermaphroditic animals.
MATERIALS AND METHODS
Semibalanus balanoides mates only during a short period in early to midNovember. Penis tissue is minimal for most of the year but rapidly grows between September and November (Barnes, 1992) . We determined when barnacle mating activity was occurring and completed by taking samples of barnacles from four sites in Long Island Sound: Stony Brook Harbor (40u55916.880N, 73u08958.040W), Flax Pond Inlet (40u58901.280N, 73u08917.000W), Setauket Harbor (40u56951.840N, 73u0699.130W), and West Meadow Creek (40 55.42.870N, 73 08937.190W) . These four sites are highly sheltered and protected from waves, thereby limiting the variation JOURNAL OF CRUSTACEAN BIOLOGY, 30(3): 373-376, 2010 in penis characteristics and function that vary with wave exposure (Hoch, 2008) . We collected one hundred individuals at one site per day, and inspected the egg mass for fertilization. Fertilized egg masses are compressed into a solid pellet by the fertilization envelope and are easily distinguished from un-fertilized egg masses. We first observed fertilized barnacles on 25 October 2007 and observed greater than 90% fertilization on 24 November 2007 ( Fig. 1) .
We collected barnacles well after mating activity was completed between 10 December and 17 December 2007. In each site we located pairs of barnacles that were each other's nearest neighbor. One of the individuals was collected and the other examined to determine whether or not it had been fertilized. Barnacles were chosen based on the following criteria: 1) they were from the mid-intertidal zone so as to reduce variation in time submerged between sites; 2) they were in areas of relatively sparse population density, thereby reducing the chance that its nearest neighbor was fertilized by a neighbor other than the collected barnacle; and 3) barnacles were seemingly healthy and had no visible damage to the shell. The distance between apertures (the minimum distance that the penis would have to reach) was measured with digital calipers with an accuracy of 0.01mm. We repeated this 125 times at each of the four sites and preserved the 500 collected individuals in 75% ethanol.
We measured the height of the shell (h), diameter of base (r 1 ), and diameter of the aperture (r 2 ), using digital calipers with an accuracy to 0.01mm for each barnacle. From these data, body volume was estimated by calculating total body volume (V) as a truncated cone (following methods described in Hoch, 2008) :
The penises were removed from each barnacle, wet-mounted onto glass slides, placed under a compound light microscope and photographed with a 3.1 megapixel digital camera. A stage micrometer was used to set a scale for measuring with Image J software (Rasband, 2006) . Length was measured along the medial aspect of the penis and diameter at the base of the penis was measured. The number of annulations was also counted on images of high enough quality, as they are often a more consistent measure of penis length, since length varies with degrees of contraction of the penis after preservation (Barnes, 1992) . All data were log-transformed. Correlation between length and number of annulations was determined by log-transforming the data and determining Pearson correlation coefficients (SAS 9.1). Multiple regression, using maximum R 2 improvement to select the best-fit two-parameter model, was used to predict penis length given body volume and neighbor distance (Cody and Smith, 1997) . We created two models to predict the probability of successful fertilization between neighbors: ''full'' model logistic regression and ''field'' model logistic regression (JMP 5.1). The full model logistic regression included all measurable parameters after barnacle collection, including neighbor distance, body volume, penis length and penis basal diameter. The field model included only those parameters measurable in the field without removing the barnacle: neighbor distance and body volume. Whether the log-likelihood of each parameter were significantly different from zero was determined using chi-square tests (JMP 5.1). We chose not include the effects of different sites in this analysis because past work has shown penis length and performance to have low variation between sites sheltered from waves (Hoch, 2008 (Hoch, , 2009 ).
RESULTS
A strong correlation between penis length and number of annulations was found (R 2 5 0.6891, n 5 214, P , 0.0001; Fig. 2) . Multiple regression showed a significant positive relationship between body volume and penis length (R 2 5 0.2206, n 5 246, P , 0.0001; Table 1, Fig. 3 ). Neighbor distance did not significantly affect penis length (R 2 5 0.0067, n 5 246, P 5 0.1483). The ''full model'' logistic regression accounted for approximately 41% of the probability of fertilization (R 2 5 0.4097, n 5 243) with the distance to nearest neighbor (P , 0.0001), body volume (P 5 0.0143) and penis length (P 5 0.0224) being significant predictors of fertilization success ( Table 2 ). The parameters incorporated into the ''field model'' (Fig. 4) logistic regression account for approximately 36% of the probability of fertilization (R 2 5 0.3640, n 5 243) with the distance to nearest neighbor (P , 0.0001) and body volume (P , 0.0001) both statistically significant predictors of fertilization success (Table 3) . Of all factors, distance to nearest neighbor was the most important for predicting fertilization success.
DISCUSSION
Longer penises tend to have more annulations, which should show a relationship to the ability to stretch. Multiple regression of penis length against body volume and neighbor distance indicates that penis length is strongly dependent on body size but not significantly related to neighbor distance. In crowded populations where shells of neighboring individuals touch, penises have, on average, fewer annulations (Hoch, 2008) . In our study, where none of the neighboring individuals were in physical contact, we found no correlation between neighbor distance and penis length. These studies suggest that barnacles alter penis morphology based on physical contact with neighbors, but not how far away a neighbor may be.
Our results show that the most important factor in determining the probability of fertilization of a barnacle is the distance to its nearest neighbor. The minimum possible distance that a barnacle would have to stretch its penis is the greatest limiting factor to mating. Besides the physical constraints, greater mate distances are probably associated with greater risks of moving water, predation and missed opportunities owing to chance. Once a barnacle is within range, the next important factor is the penis length, which is strongly correlated to body volume. It would be disadvantageous for a barnacle with a relatively small body volume to possess a relatively large penis because the penis is extended by increasing the hydrostatic pressure within the hemocoel (Klepal, 1990) . Insufficient extension of the penis would lead to reduced ability to locate and fertilize the broods of neighbors. Larger barnacles, therefore, will have the ability to mate with more distant neighbors than smaller barnacles. The length of the acorn barnacle's penis may also be influenced by many other factors, including wave exposure (Neufeld and Palmer, 2008) and population density (Hoch, 2008) . On average, penis diameters in S. balanoides have been found to increase with increasing wave exposure (Hoch, 2008) . The Table 2 . Logistic regression of probability of fertilization given body volume, neighbor distance, penis length, and penis diameter (full model). volume of a penis (estimated as a cone) increases with the square of the radius. Barnacles may therefore require a substantially larger body volume to compensate for the increased hydrostatic pressure needed to extend a penis with a base of greater diameter. This study found that there was no significant change in penis length as distance to the nearest neighbor changed in aggregations where shells were not touching. This is probably the result of biomechanical constraints on the length of the penis-that in the absence of physical contact, a penis will grow as long as possible while still retaining proper function. Constraints, such as body volume limitation, may set the upper limit on penis length. Penis length restricts the mating group size of S. balanoides. Charnov (1980) predicted that barnacles in smaller mating groups will have a larger investment in female function and a smaller investment into sperm production. Larger mating groups are predicted to have greater competition between functional males for eggs and are predicted to increase investment in male function in order to successful compete. These results reveal what factors are important for establishing the boundaries of the mating group and numbers of individuals within it. Barnacles with a greater number of individuals within reach will have a larger mating group, a greater number of competitors and are predicted to invest more into male function. All else being equal, members of a group of larger individuals would each have a greater number of competitors than those from a group of smaller individuals (because each functional female will have more functional males capable of reaching it). How this affects sex allocation remains an open question for future study.
We have identified the factors that are important to predicting the probability of an acorn barnacle being fertilized: neighbor distance and body volume. This model can be applied to populations of S. balanoides or other acorn barnacles to help determine population viability. Subpopulations at contracting or expanding margins of the species range may fall below a critical population density, resulting in an Allee effect. Local mate limitation as a result of too great of inter-individual distances may reduce overall fertilization success in a sparse population and reduce that population's relative contribution to the next generation. S. balanoides is a boreo-arctic species and requires a water temperature of 7uC for reproduction (Barnes, 1958) . As average ocean temperatures rise (Hansen et al., 2006) , it would be interesting to note the reduction of the ecological range of S. balanoides and changes in rate of population growth as settlement densities change. Mate limitation by increased inter-individual distance may accelerate such a contraction of geographic range. 
